Towards the evaluation of non-permanent dental coatings for their capacity to impart dental-care benefits, thin films of a homologous series of comb-like poly(alkyl methacrylate)s (ethyl to octadecyl) have been deposited, from aqueous latex formulations, onto dentally relevant substrates. AFM studies have shown that the thickness (40-300 nm) and surface roughness (8-12 nm) of coherent polymer films are influenced by the degree of polymerization and by the length of the pendant chain. Of the polymers under consideration, poly(butyl methacrylate) formed a close-packed film that conferred to dental substrates a high degree of inhibition to acid-mediated erosion (about 27%), as evaluated by released-phosphate determinations. The potential utility of the coatings to act as anti-sensitivity barriers has been evaluated by determining the hydraulic conductance of coated bovine-dentine substrates; single treatments of dentine discs with poly(butyl methacrylate) or with poly(ethyl methacrylate) effected mean respective reductions in fluid flow of about 23% with respect to water-treated controls; repeated applications of the poly(butyl methacrylate) latex led to mean reductions in fluid flow of about 80%. Chromometric measurements have shown that pellicle-coated hydroxyapatite discs treated with poly(butyl methacrylate), poly(hexyl methacrylate) or poly(lauryl methacrylate) exhibit significant resistance to staining by food chromogens.
Introduction
Dental caries, dentine hypersensitivity and dental erosion are preventable conditions that are often attributable to dietary lifestyle [1, 2] . The search for improved anti-sensitivity actives and for innovations in prophylaxis is driven by the therapeutic needs of the estimated 8-30% of the adult population affected by sensitive teeth [3, 4] . One approach involves the use of hydrophobic polymer-based materials as occlusive thin films for the prophylaxis of dental erosion and dentine hypersensitivity [5] . The rationale is based on the effective delivery of the polymer to the oral cavity to form a continuous thin film on dental hard tissue surfaces, and on the film's physicochemical properties delivering the required 4 Author to whom any correspondence should be addressed.
benefits. The primary function of the film is to inhibit the erosive demineralization of enamel and dentine by acting as a barrier to the diffusion both of acid species from the oral cavity to mineral surfaces and of dissolved mineral ions in the reverse direction. For this, the film must be sufficiently robust for its protective effect not to be lost under the normal conditions that operate in situ.
A typical dietary intake results in frequent and often considerable changes in pH and temperature during the course of a day, and the shear forces associated with speech and mastication are significant. The polymeric film may also provide relief from dentine hypersensitivity, depending on its capacity to occlude previously patent dentinal tubules, such that the transmission of external stimuli to the mechanoreceptors located at the odontoblast/pulp interface is prevented. Other relevant considerations include the Table 1 . Poly(alkyl methacrylate)s (PAMA, [CH 2 .C(CH 3 )(CO 2 R)] x ): average relative molar mass, M; surface energy, γ (from liquid drop contact angle measurements on films deposited on glass plates); glass transition temperature, T g (from differential scanning calorimetry); and range and mean of polymer latex particle sizes, d (n = 6). (14) toxicological profile of the polymer, its preferred dosage form and its frequency of application. Finally, the anticipated antierosion benefit conferred by the hydrophobic thin film should be balanced against its potential adverse effect on the uptake of fluoride by enamel and dentine. The anti-erosion efficacy of fluoride has been demonstrated in vitro and in situ and its anti-caries activity is considered responsible for the major improvements in dental health that have been observed over the past 30-40 years [6] [7] [8] .
R
In addition to their potential utility as inhibitors of dental erosion and of dentine hypersensitivity, polymeric film coatings may offer dental-care benefits relating to tooth staining, microbial binding and biofilm formation or detachment. In the latter regard, polymeric materials that can be deposited as low-surface-energy films are of particular interest [5, 9, 10] . The low-surface-energy approach to antifouling is underpinned by the DLVO theory [11, 12] . In physiological environments the ultra-low-surface-energy coatings should minimize the van der Waals interactions between the surface and prospective bacterial colonizers (predominantly negatively charged), such that the net forces of the interaction become repulsive over relatively large distances [13] . The hypothesis has been tested by measuring the surface free energy, and the resistance to microbial adhesion under the relevant physiological conditions, of a wide range of synthetic polymers that have been prepared as thin films. Those structured around the poly(acrylate) or poly(methacrylate) backbone have shown particular promise [5, 14, 15] , and this study extends this work by examining, in vitro, the potential dental-care benefits of aqueous latex-deposited poly(alkyl methacrylate) coatings [16] on hydroxyapatite (HA) as a nonbiological model of human enamel [17] .
Materials and methods

Polymer latex formation
Poly(alkyl methacrylate)s ([CH 2 .C(CH 3 )(CO 2 R)] x , table 1) were sourced from Sigma-Aldrich, Gillingham, UK, or from Schnelldorf, Germany. The samples of poly(butyl methacrylate), PBMA, and of poly(ethyl methacrylate), PEMA, were used as received. Poly(hexyl methacrylate), PHxMA, poly(lauryl methacrylate), PLMA, poly(hexadecyl methacrylate), PHMA, and poly(octadecyl methacrylate), POMA, which were received as solutions in toluene, were precipitated (×2) by cold methanol (liquid nitrogen). Polymers were dissolved in deuterated chloroform and were characterized using nuclear magnetic resonance (NMR) spectroscopy (Jeol GSX, 400 and 100 MHz respectively for 1 H and 13 C NMR). The complete removal of toluene was established from the spectra: 1 H at 6.5-8.5 ppm and 13 C NMR at 159 ppm. All polymers were of sufficiently high average molecular weight to exhibit consistent properties (>17 000; table 1).
Dispersions (2.8% w/w) were prepared by dissolving each polymer (450 mg) into, as appropriate, dichloromethane (PEMA), diethyl ether (PBMA) or petroleum ether (3.0 g) and then adding this solution (drop-wise, 2 min) into an aqueous solution of sodium dodecyl sulfate (SDS, Acros Organics, 15 g, 0.50% w/w) under sonication (Ultrasonic Processor, amplitude 37%, 7 min). To remove the organic solvent, the latex was stirred at 5 K above the solvent boiling point (4-6 h, small amounts of DIW added periodically to maintain volume). After cooling to ambient temperature, DIW was added to give a final batch mass of 15.45 g. To facilitate the determinations of dry mass and particle size distribution, the aqueous phase was removed following separation by centrifugation (4000 rpm, 5 min).
Particle size profiles were obtained using a COULTER R N4MD Sub-Micron Particle Analyser, equipped with multiple scattering angle detection and with Size Distribution Processor Analysis software. Each latex was diluted with water (1:50, 1:25, 1:10) in a quartz cuvette to obtain sample intensity readings at a detection angle of 90 o of between 5 × 10 4 and 1 × 10 6 (20 • C; 120 s). Mean particle sizes and size distributions were similar for all poly(alkyl methacrylate)s latexes investigated (table 1).
Samples of dental materials
HA discs (diameter = 12.5 mm, thickness range = 1.0-1.3 mm, about 0.46 g; Himed USA, Old Bethpage, New York) were pre-etched in an aqueous citric acid solution (1.0% w/v adjusted to pH 3.5 with NaOH; six discs per 500 mL, 30 min, repeated twice). Excess acid was removed by rinsing (DIW) and the discs were stored under DIW.
To deposit a salivary pellicle, whole stimulated human saliva (produced by chewing Parafilm R ) was collected in sterile tubes (0 • C) and centrifuged (8000 rpm, 10 min, 4
• C) to remove particulate material and cell debris. The mucin-containing supernatant (20 mL, with sodium azide, 8 mg, to prevent bacterial growth) was poured to cover the prepared HA discs (×12). The containing vessel was held at 37
• C for 2 h. The pellicle-coated HA discs were rinsed (DIW), dried (37
• C, 24 h) and stored in a desiccator. Bovine teeth, sterilized by immersion in (1) aqueous NaOCl, 5.0% v/v, 2 min, and (2) aqueous H 2 O 2 , 30%, 2 min, were checked for decay (by probing any fissures) and stored in aqueous saline (0.9%w/v NaCl). Dentine discs (0.8 mm thickness) were prepared by sectioning the tooth (Isomet 1000 precision saw: weight shaft loading 175 g, saw speed 200-250 rpm; the blade was immersed ( 1 4 inch) into the lubriant solution (0.3% w/v Tween 20, 0.06% w/v H 2 O 2 , 0.005% NaHCO 3 ) and was aligned parallel to the occlusal surface, below the crown but above the root canal). To remove the smear layer formed during cutting and to expose the dentinal tubules (figure 1), each disc was etched (aqueous citric acid 10% w/v, 2 min) and rinsed (DIW × 5). The dentine discs were stored under aqueous saline (0.90% w/v).
Polymer-film formation and AFM imaging
Polymer latexes (2.8% w/w) were filtered (0.2 μm PTFE). Using a constant speed motor: (dipping speed = 10 mm s −1 ; raising speed = 1 mm s −1 ) films were deposited onto substrates (pellicle-coated HA discs, chromic acid-washed glass), which were then allowed to dry (37
• C, 24 h).
For AFM, polymer-coated plane glass samples (10 × 10 mm 2 , extra white glass; Menzel-Gläser, ThermoScientific, Loughborough, UK) were secured on nickel sample holders. Images were obtained in contact mode using a MultiMode/NanoScope IV Scanning Probe Microscope (Digital Instruments, Santa Barbara, CA, USA) equipped with a J-scanner capable of a maximum 
Acid demineralization
The progressive demineralization by aqueous citric acid of pre-etched HA discs was monitored by ICP-MS analysis of 31 P in liquid samples (100 μL). [18] . Each sample was digested in aqueous HCl (analytical grade 14 g, 0.6% w/w in HPLC-grade water) and all glassware and equipment were washed (HCl, 3.0% w/w) and rinsed (HPLC-grade water, ×3). The calibration curve for 31 P was constructed using acidified (aqueous HCl, 0.6% w/w) phosphate solutions (1-110 μg L −1 as (NH 4 ) 2 HPO 4 ; R 2 = 1.000). Allowing for the background response, a detection limit of about 5 μg L −1 was determined for 31 P in the diluted sample, equivalent to a phosphate concentration of about 15 μg L −1 .
Experiments were performed using a 12-station synthesis carousel (Radleys Discovery Technologies) in which untreated HA discs (pre-etched, pre-weighed, about 0.46 g), held by stainless steel wire mesh supports in individual tubes with magnetic stirrers (maximum rate, about 1000 rpm), were immersed (with intermediate washings in DIW) in a series of media (15 mL, 37
• C). Firstly an erosion medium of aqueous citric acid (1.0% w/w, pH 3.75) was used to establish baseline dissolution rates, by analysing samples taken at specified elapsed times. The discs were then treated (120 s) with polymer latex or control media (negative, DIW; positive, 300 mg kg −1 fluoride as the sodium salt). Dissolution rates were subsequently determined once again using fresh citric acid. With each disc/specimen being used as its own control, the efficacy of each treatment was expressed as the mean reduction (n = 4-6) in the amount of released phosphate as a proportion of that released from the untreated disc. Statistical analysis of the results was performed using a one-way ANOVA with a post hoc Fisher test.
Hydraulic conductance measurements
Hydraulic conductance (H c ) measurements were performed on dentine discs using a Pashley Flow apparatus [19, 20] prerinsed, and with the sample chamber (upward flow) then filled, with Earle's Balanced Salts (Sigma Aldrich). With a disc mounted in the chamber at an angle of 35
• from the horizontal, a hydrostatic pressure of 12 psi was applied while the disc was brushed over (artist's flat brush, 5 mm) with aqueous KCl (0.17% w/v). After releasing the pressure, saliva was brushed onto the disc (1 min) and allowed to stay in contact with the disc for a further 4 min before the baseline flow was monitored (12 psi, 5-10 min). With the pressure released, the surface was irrigated with fresh saliva, brushed with five drops of the test solution, and then rinsed (after 45 s; aqueous KCl). Saliva was applied and left undisturbed for 45 s before the pressure was increased and the flow rate was recorded (12 psi, 5-10 min). Measurements of the flow rate through salivatreated dentine sections were obtained both after 1 treatment with latex and following 12 successive such treatments. PA18 (3%w/v), Sensodyne Original (1:3 slurry in DIW) and DIW were employed respectively as positive control, benchmark control and negative control.
Staining
The staining solution consisted of standardized filtered tea infusion (prepared in boiling DIW; absorbance 0.50 cm
at 600 nm). Polymer-coated, pellicilized HA discs and uncoated controls (each × 4) were incubated individually in a staining solution (100 mL, 37
• C, 2 h), rinsed (DIW), dried (37
• C, 24 h) and stored (desiccator). The extent of staining was assessed from reflectance measurements made using a Hunter LabScan XE Spectrophotometer (Hunter Associates Laboratory, Reston, VA) equipped with a Xenon flash lamp filtered to approximately CIE D65 illumination. Four readings were taken from each HA disc, by rotating it by 90
• between each measurement. The chromametric reflectance measurements complied with the recommendations of the 1976 CIELAB convention of the Commission Internationale de l'Eclairage (CIE: lightness L * in grey scale, black = 0 to white = 1; a * and b * enumerate respectively the degrees of green/red and blue/yellow colours).
Results and discussion
Poly(alkyl methacrylate) films
Plaque formation in vivo is believed to originate from pits and grooves present on the tooth surface, with bacterial colonization favoured by surfaces with an average roughness R a > 200 nm [21] [22] [23] . As a consequence, a desirable feature of an exogenous polymeric film formed on the surface of dental hard tissue is that it should be relatively smooth. For the films of poly(alkyl methacrylate)s formed on glass slides (figure 2) film thickness was estimated from AFM peak-to-valley topology data, it being assumed that flat (R a < 0.1 nm) surfaces in between polymer clusters were uncoated glass [24] . Height profiles within the film-covered areas were used to calculate the values of R a . The film thicknesses were 40-60 nm for PBMA, PHMA and POMA, and 60-70 nm for PHxMA and PLMA, but PEMA was exceptional with a thickness of about 300 nm and with relatively large areas of uncovered glass between tall deposits of polymer. Similarly, the values of R a were about 11 nm for PBMA, PLHA and PHMA but higher for PEMA and PHxMA, and lower for POMA. These characteristics appear to have been influenced by both the degree of polymerization (x avereage , table 1) and the length of the side chain. The PBMA latex, appeared to form a more closely packed film than other poly(alkyl methacrylate)s (figure 2), which may be attributed to differences in glass transition temperature (T g ) at the film surface and in the bulk of this material [25] . By contrast and as also found by Armstrong and Wright [26] , coatings of PEMA formed partially coalesced structures with some discrete spheres (diameter about 250 nm) similar in size to the average particles of the latex.
The HA dissolution model
The potential use of polymer films to inhibit dissolution of dental hard tissue was tested in vitro by subjecting coated HA discs, with positive and negative controls, to controlled demineralization conditions (citric acid 1.0% w/v, pH 3.75, 37
• C, with stirring) using the reaction carousel. Treatment of HA with fluoride typically results in the formation of fluorhydroxyapatite (FHAP, Ca 10 (PO 4 ) 6 OHF) and fluorapatite (FAP, Ca 10 (PO4) 6 F 2 ), whose reduced solubility inhibits the lactic acid-driven demineralization of dental hard tissue and promotes re-mineralization [27] [28] [29] . In this study, aqueous fluoride (300 mg kg −1 as NaF) was employed as a positive control treatment since preliminary experiments involving pretreatment (120 s) of HA discs with aqueous NaF showed inhibition I of dissolution (I = proportional reduction in dissolved P) increasing with both fluoride concentration and erosion exposure time (250 mg kg −1 fluoride: I = 10 (±3)% at 5 min to 22 (±6)% at 40 min; 2000 mg kg −1 fluoride: I = 22 (±12)% at 5 min to 42 (±8)% at 40 min). Correspondingly, pre-treatment with DIW (negative control) gave results that were indistinguishable from those for untreated HA discs. Dissolution rates were determined by discontinuous analysis of phosphate release, using ICP-MS. In experiments without anti-erosion pre-treatment, <4% of the HA was dissolved and <6% of the citric acid was consumed. The inhibition of erosion by pre-treatment with 300 mg kg −1 F − was pronounced, highly significant (p < 0.01) and increased (I = 35% to 50%) with increasing erosion time (table 2). The poly(alkyl methacrylate)s, except for PEMA which showed no inhibition, produced the values of I that remained constant (within the range of data) for the duration of each experiment. The degree of inhibition conferred by polymers with longer side chains was small, and did not differ significantly from the negative control. However, PBMA and PHxMA gave consistent inhibitions of about 27% and 19% respectively and were statistically significant versus the negative control (p < 0.01). This may indicate a higher affinity of the shorter pendent-chain polymers for HA, due to the polar ester functionality (that is likely to bind to HA) being less shielded by the shorter non-polar moiety. Alternatively, the aqueous buffer may provide a suitable environment for the preferential association of the longer side-chain polymers into micellar structures. The anomalous performance of PEMA may be due to its poor film-forming behaviour at 37
• C, a consequence of its relatively high T g (65 Table 2 . Relative reduction, I, in phosphate released into citric acid (1.0% w/v, pH 3.75) over specified times from coated HA discs and from fluoride controls, n 4; superscript a denotes that the mean varies significantly from the water control (one-way ANOVA with a post hoc Fisher's test, p < 0.01). (14) 2 (13) 5 (11) PHMA 9 (10) 8 (10) 8 (7) 11 (8) 9 (7) POMA 1 (8) 3 (9) 6 (8) 5 (7) 6 (4)
I (±SD)
/
Effect of polymer treatment on dentine permeability
The efficacy of the polymer films as occlusion-effecting antisensitivity actives has been evaluated in vitro using a Pashley flow apparatus to determine the flow of simulated dentinal fluid through each dental-disc specimen under conditions of constant hydrostatic pressure. The approach has been rationalized on the basis that the extent to which treatment of the dental specimens with whole human saliva and/or putative occlusion-based actives reduces fluid flow is indicative of the extent to which the same treatment may prevent transmission of external stimuli in vivo. Owing to considerable specimen variability, measurements of hydraulic conductance were performed with each dental disc acting as its own control; fluid flow was determined following a saliva treatment (the baseline treatment) and again after treatment with each polymer or test formulation. The mean percentage reductions in fluid flow consequent to brushing (30 s) dental discs with each of the poly(alkyl methacrylate) dispersions is summarized in table 3. With the exception of PHxMA, all treatments effected a statistically significant mean percentage reduction in fluid flow relative to control discs that had been treated with saliva. Of the poly(alkyl methacrylate)s, PEMA and PBMA conferred the respective mean percentage reductions in fluid flow of 23 ± 6 and 22 ± 5, but differences with respect to treatment with the anti-sensitivity benchmark control dentifrice (16 ± 7) did not reach statistical significance. Treatment with the PA18 positive control (disodium salt of a 1:1 octadecene-1/maleic acid copolymer; a material that is highly effective in increasing (7) a,b PA18 (n = 4) 64 (7) d the hydrodynamic resistance of dentine discs in vitro [29] ) conferred the greatest mean percentage reduction in fluid flow (64 ± 7%; p < 0.05). The observed 16 (±7)% reduction in dentinal fluid flow following brushing with the benchmark control is consistent with a SEM study by West et al [7] , who reported that 17 (±5)% of initially open tubules become fully or partially occluded following a 5 min brushing of the preetched human dentine surface with a 1:4 w/w aqueous slurry of the same dentifrice.
To assess the cumulative effects of brushing with the polymer latexes, treatments were repeated 12 times with the application of saliva between each brushing, table 4. Repeated application of each treatment effected considerable reductions in dentine permeability with respect to corresponding singleapplication treatments. The mean percentage reductions in fluid flow following twelve 30 s applications of the PEMA, PLMA or PHMA latexes were statistically equivalent (p > 0.05) at 60, 60 and 57, respectively, comparable to the 66% reduction effected by the control dentifrice. The reduction in dentine permeability effected by multiple applications of the PBMA latex (79%) was significantly superior to that effected by the anti-sensitivity dentifrice benchmark control (p < 0.05). PHxMA and POMA performed poorly in the H c model, yielding after 12 applications respective mean percentage reductions in fluid flow of 33 and 35; the capacity to effect dental occlusion was significantly inferior to that of the anti-sensitivity control dentifrice (p < 0.05). The relatively good performance of PEMA, which exhibits poor film formation characteristics at 37
• C, may be attributed to the physical blocking of dental tubules by large latex particles (about 200 nm), or to improved film formation as a result of the suppression of the T g of this polymer following mixing with saliva. The contribution of each individual treatment, of the series of 12, to the reduction in H c was investigated for the best performing latex, PBMA; the profile, figure 3 , shows that the progressive increase in tubule occlusion begins to wane at around the seventh treatment and effectively plateaus, at about 70%, following the ninth successive treatment. Considering the substantive nature [30] of these films, the two materials that can be deposited onto teeth from aqueous media may enhance the performance of dental-hypersensitivity formulations.
Stain prevention
To test the hypothesis that non-permanent dental coatings function as barriers that may prevent or inhibit the uptake of stain chromogens by the underlying dental surface, pelliclecoated HA discs were treated either with water (negative control) or with the relevant polymer latex dispersion and immersed in a standardized stain solution. As expected, the L * values of pellicle-coated HA discs were significantly higher (p < 0.05) prior to exposure to the staining solution (92.2 ± 0.2) than the corresponding post-exposure values (72 ± 1), table 5. Groups of pellicle-coated HA discs treated with the shorter pendent chain polymers PBMA, PHxMA and PLMA exhibited greater stain resistance (p < 0.05), as measured by L * , than the controls or the specimens that had been treated with PHMA or POMA, all of which failed to present any stainprevention benefit (p > 0.05). The values of L * for specimen groups treated with PBMA, PHxMA or PLMA could not be differentiated statistically (p > 0.05).
Conclusion
Poly(alkyl methacrylate)s have been formulated as aqueous latexes for use in dental care products. In vitro experiments have demonstrated the potential utility of one of these dental coatings, poly(butyl methacrylate), to offer protection against dental staining, dentinal hypersensitivity and acid demineralization.
